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Many rift zones exhibit a range of fault orientations, rather than simple colinear faults that strike
orthogonal to the inferred least principal stress. The formation of non-colinear fault sets has implications
for assessing rift-zone kinematics, as well as determining palaeo-stress state in extensional basins. Using
3D seismic reﬂection data, we deduce the likely mechanisms responsible for the formation of a popu-
lation of non-colinear faults in the Måløy Slope area of the northern North Sea. Three basement-
displacing fault populations exist on the Måløy Slope; (i) large (>1 km throw), NeS-striking faults, (ii)
smaller (<250 m throw) NeS-striking faults and (iii) small (<250 m throw) NE-SW-striking faults. All
were initiated in the Middle Jurassic. Coeval growth of these fault populations, and the apparent cor-
relation between the NEeSW faults and a NE-SW-trending gravity and magnetic anomaly high lead us to
suggest that the NEeSW faults are the result of deﬂection of the otherwise E-W-orientated least principal
stress by NE-trending intrabasement weaknesses. Our study's results have implications for the large-
scale kinematic evolution of the North Sea, arguing that major rotations in extension direction are not
required to generate multiple fault sets locally or across the rift. This study also highlights the importance
of using borehole-constrained 3D seismic data as a tool in understanding non-colinear fault growth, and
its broader implications for regional tectonic history.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).1. Introduction
1.1. Non-colinear faults
Non-colinear normal faults are a common feature of many rift
basins, notably the Northwest Shelf, offshore Australia (e.g.
Frankowicz and McClay, 2010), the North Sea (e.g. Maerten et al.,
2002; Whipp et al., 2014), the Gulf of Thailand (e.g. Morley et al.,
2004), the Gulf of Suez (e.g. Younes and McClay, 2002), the Gulf
of Aden (e.g. Bellahsen et al., 2013) and the East African Rift (e.g.
Lezzar et al., 2002). Arrays of colinear faults are usually interpreted
to form orthogonal to the least principal stress, however the origink (M.T. Reeve), rebecca.bell@
. Duffy), c.jackson@imperial.
(E. Sansom).
plied Geology, Curtin Univer-
Australia.
Ltd. This is an open access articleof non-colinear fault arrays is more difﬁcult to decipher as different
causal mechanisms can produce similar fault patterns (Fig. 1) (Keep
andMcClay,1997). For example, non-colinear fault arrays may form
due to: (i) synchronous development of faults in a three-
dimensional strain ﬁeld (Reches, 1978; Krantz, 1988); (ii) multiple
extensional episodes with changing extension directions (Færseth
et al., 1997; Bellahsen and Daniel, 2005; Henza et al., 2011); (iii)
the presence of basement heterogeneities oblique to the extension
direction, either by reactivating discrete structural weaknesses in
the basement (Færseth et al., 1995; Morley et al., 2004) or stress-
deﬂections associated with pervasive intrabasement fabrics (e.g.
foliation/schistosity); (iv) perturbation of the regional stress ﬁeld
due to slip on large faults (Maerten et al., 2002); (v) the accom-
modation of variable along-strike displacement, and related vari-
ations in hangingwall subsidence and footwall uplift (Destro, 1995;
Stewart, 2001) and (vi) overburden gravity gliding above weak,
mobile substrates such as salt or overpressured shale (e.g. Cobbold
et al., 1995; Clausen and Korstgård, 1996; Stewart and Clark, 1999;
Jackson and Larsen, 2009; Duffy et al., 2013). The fault geometriesunder the CC BY license (http://creativecommons.org/licenses/by/3.0/).
Fig. 1. Matrix of generative mechanisms of non-colinear fault populations.
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the timing of the development of each fault set; (ii) the geometry
and distribution of the fault sets; (iii) the throw accumulation on
and relative size of each fault set; and (iv) the interaction between
the fault sets, that is, whether the non-colinear faults cross-cut,
become hard-linked to each other, or remain physically and kine-
matically isolated.A range of techniques allow us to discriminate between these
mechanisms, including ﬁeld studies (Patton et al., 1994), scaled
analogue models (Chattopadhyay and Chakra, 2013; Henza et al.,
2011; Keep and McClay, 1997) and 3D numerical modelling
(Maerten et al., 1999; Maerten et al., 2002). However, many model-
based predictions require testing with natural examples. 3D
seismic reﬂection data, when combined with biostratigraphically-
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tool for detailed observations that allow us to test models of non-
colinear fault development (e.g. Frankowicz and McClay, 2010). In
particular, this approach allows us to: (i) accurately determine the
three-dimensional geometry of the non-colinear fault array; (ii)
constrain the age and architecture of growth stratigraphy adjacent
to the fault array, thus revealing the timing of activity on individual
segments; and (iii) reveal subtle along-strike variations in
displacement, which can be used to determine the growth and
linkage history and kinematic interaction between individual fault
segments within the array. Deciphering the evolution and mecha-
nisms driving the formation of non-colinear faults is important for
inferring the orientation and timing of ancient (palaeo) stress-ﬁelds
(e.g. Færseth et al., 1997), and it is therefore critical to understand
which mechanisms are responsible for the observed non-colinear
fault orientations before such inferences are made.
1.2. The North Sea rift system
In the northern North Sea, rift-related normal faults display a
range of strikes and, despite a considerable number of studies,
the kinematic history and causal mechanisms driving the for-
mation and evolution of these structures is still debated
(reviewed by Færseth et al., 1997; Davies et al., 2001). The
crystalline basement that underlies the North Sea rift basin
formed due to nappe emplacement in the Caledonian orogeny,
and kinematic indicators within Caledonian rocks yield a domi-
nantly SE direction for initial nappe translation (Fossen and
Rykkelid, 1992). Post-orogenic, NW-directed extension during
the Devonian led to extensional collapse of the nappe pile (‘mode
I’ extension), and the formation of low-angle extensional shear
zones and associated development of sedimentary basins (‘mode
II’ extension) (e.g. Fossen, 1992; Johnston et al., 2007; Vetti and
Fossen, 2012). These early tectonic events are often described
as having imparted a NEeSW “structural grain” in the North Sea,
which may have inﬂuenced the later rift geometry (e.g. Dore
et al., 1997; Reeve et al., 2013).
The overall architecture of the North Sea rift is attributed to two
major extensional phases (e.g. Beach,1986; Færseth,1996). The ﬁrst
phase (herein referred to as Rift Phase One (Bell et al., 2014)) was
focused in the Horda Platform area and initiated in the Permian-
Early Triassic in response to EeW directed extension producing
predominantly NeS-striking normal faults (e.g. Færseth et al.,
1995). The second phase (herein referred to as Rift Phase Two)
initiated in the Middle Jurassic (Bajocian) and continued to the
Early Cretaceous, with extension focused in the Viking Graben
(Odinsen et al., 2000; Cowie et al., 2005). Throughout the Viking
Graben, both NeS- and NE-SW-striking, non-colinear arrays of
Jurassic-Cretaceous normal faults are observed. The role of under-
lying NeS-striking PermianeTriassic structures, or broadly NE-SW-
trending Caledonian basement fabrics for inﬂuencing the devel-
opment of Jurassic faults is unclear. This uncertainty is in part due
to relatively deep burial and hence, poor seismic imaging of these
structures (Reeve et al., 2013). In the North Viking Graben, a variety
of kinematic models have been proposed for Rift Phase Two,
including (i) uniform EeWextension (Badley et al., 1988; Brun and
Tron, 1993), (ii) uniform NWeSE extension (Færseth, 1996; Færseth
et al., 1997); (iii) progressive rotation of the extension direction
from EeW to NWeSE during the Jurassic rift event (Dore and Gage,
1987; Dore et al., 1997); and (iv) a variation from EeW in the
Bathonian-Callovian, to NWeSE in the Oxfordian and ﬁnally to
NEeSW in the Kimmeridgian-Volgian (Davies et al., 2001). To test
which proposed kinematic models are valid, detailed study of fault
geometry and stratigraphy is required to assess fault patterns,
timing, distribution, and cross-cutting relationships for unravellingthe mechanism responsible for the generation of non-colinear
faults (Fig. 1).
1.3. Study area and aims
On the eastern margin of the North Viking Graben, major faults
strike broadly NeS (Fig. 2a). However, smaller faults that strike
NWeSE are documented on the Horda Platform (Maerten et al.,
2002; Whipp et al., 2014), and just 50 km to the north, in the
Måløy Slope, small NE-SW-striking faults are observed. In this
contribution, we seek to explain the mechanism(s) responsible for
the generation of non-colinear, NeS-striking and NE-SW-striking
faults on the Måløy Slope, in addition to placing the development
of these faults in the broader context of the kinematic evolution of
North Sea rift. We use high-resolution 3D seismic reﬂection data
tied to stratigraphic data in several boreholes, to detect subtle
along-strike variations in displacement. These results are used to
constrain the timing of activity on faults of differing orientation,
which can then be used to discriminate between the different
mechanisms responsible for the generation of non-colinear fault
populations (Fig. 1).
2. Geological setting of the Måløy Slope
The Måløy Slope forms part of the eastern ﬂank of the North
Viking Graben and represents a N-trending portion of the failed
North Sea tripartite rift system (Figs. 2a and c). Core from boreholes
on the Måløy Slope (Fig. 2b) indicate that the basement is schistose
or gneissic (Bassett, 2003; Johnston et al., 2007), and that Palae-
ozoic sediments are absent. The oldest preserved strata are Early
Jurassic (Sinemurian) non-marine clastics (Statfjord Formation),
and directly overlie crystalline basement. The conspicuous absence
of PermianeTriassic strata suggests, therefore, that the Måløy Slope
did not experience signiﬁcant extension and fault-related subsi-
dence during Rift Phase One, which is a suggestion supported by
very small beta stretching factors of <1.05 calculated for the area
during this rift phase (Bell et al., 2014).
The Early Jurassic succession is overlain by marine-to-paralic
clastic deposits of the Brent Group (Aalenian to late Bajocian),
which is in turn overlain by the sandstone-rich, syn-rift deposits of
the Viking Group (Bathonian to upper Oxfordian) (Fig. 3). During
the Middle-to-Late Jurassic, the Måløy Slope was characterised by a
suite of fault-bounded half-grabens that formed in response to
extension associated with Rift Phase Two (Jackson et al., 2008). The
lower Viking Group is locally eroded by the Early Kimmeridgian
unconformity (the Upper Jurassic Unconformity or ‘UJUNC’) and is
overlain by deep marine mudstones of the Draupne Formation,
which were deposited during a period of rapid rift-related subsi-
dence and basin deepening (Fig. 3) (Jackson et al., 2008). The
Jurassic succession is capped by the Base Cretaceous Unconformity
(BCU), which marks the approximate transition from fault-
controlled to dominantly thermal subsidence (Kyrkjebø et al.,
2004). However, some large faults in the Måløy Slope, such as the
Gjøa Fault System and theMåløy Fault System (Fig. 2b) truncate this
unconformity and offset Upper Cretaceous strata, suggesting they
continued to be active into the Early and possibly the Late Creta-
ceous (Fig. 3).
3. Dataset and methodology
The structure of the study area was imaged by a pre-stack, time-
migrated, 3D seismic reﬂection survey that covers approximately
1200 km2 (Fig. 2b). Inline and crossline spacing is 12.5 m, with a
vertical record length of 5 s two-way time (TWT). The dataset is
zero-phase processed and displayed as SEG reversed polarity,
Fig. 2. (a) Simpliﬁed map of the main structural elements of the northern North Sea, after Færseth et al. (1997). MS ¼ Måløy Slope; SG ¼ Sogn Graben; UT ¼ Uer Terrace. Black box
indicates location of Fig. 2b. Red line AeA0 indicates location of Fig. 2c. (b) Map of study area showing extent of 3D seismic data coverage, indicated by the dashed black line. The
fault populations referred to in the text are colour-coded as follows: large NeS fault population in blue; small NeS fault population in grey and small NEeSW fault population in
green. Locations of seismic sections shown in Fig. 3 and 7 are indicated by black lines. (c) Simpliﬁed regional cross-section along AeA0 showing the generalised structure of the
Viking Graben, Sogn Graben and Måløy Slope. Study area indicated by the black box. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the
web version of this article.)
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negative reﬂection event in red. The ages of mapped reﬂections are
constrained by three wells that reach basement (Figs. 2b and 3).
Wells 35/9-1R and 35-9/2 are situated in the footwall of the Gjøa
Fault System (Kyrkjebø et al., 2004) andwell 36/7-1 is located in the
hangingwall of this fault, in close proximity to a number of the NE-
SW-striking faults that form the focus of this study (Fig. 2b). Well
36/7-2 is located on a major structural high in the hangingwall of
the Øygarden Fault and penetrates a highly condensed Mesozoic-
to-Recent succession directly overlying crystalline basement. This
well is therefore excluded from constraining the ages of the map-
ped seismic reﬂections.Depth conversion for horizons down to top basement was per-
formed using check-shot time-depth relationships fromwells 35/9-
2 and36/7-1, followingReeveet al. (2013). A least squares regression
method was used to derive the best-ﬁt second-order polynomial
expression that relates time and depth in both wells (Reeve et al.,
2013). To test this velocity model, depths were calculated from the
checkshot time values and compared to the true check-shot depths.
ThemeanRMSerror forwells 35/9-2 and36/7-1was<5%, indicating
that calculateddepthvalues should closely resemble true subsurface
depths. Based on a dominant seismic frequency of c. 20 Hz and this
depth conversion scheme, the maximum vertical resolution at the
depth of interest is estimated to be approximately 22.5 m.
Fig. 3. (a) Uninterpreted and (b) interpreted WNW-ESE oriented seismic section illustrating general structure of the Måløy Slope. Fault populations are colour-coded in the same
scheme as used in Fig. 2b. GFS ¼ Gjøa Fault System; MFS ¼ Måløy Fault System; OFS ¼ Øygarden Fault System. (c) Stratigraphic column for the Måløy Slope, based on information
from wells 35/9-1, 35/9-2 and 36/7-1.
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available from the seismic reﬂection data, throw rather than
displacement is used to quantify fault offset at different structural
levels (e.g. Whipp et al., 2014). Throw-distance (T-x) plots were
constructed to show throw values for along-strike distance across a
given horizon (Peacock and Sanderson,1991; Cartwright et al. 1995;
Nelson, 2006). To construct T-x plots, throw is determined from
vertical seismic lines that are regularly-spaced (c. 125 m between
successive lines) and oriented perpendicular to local fault strike.
Footwall and hangingwall cutoffs were measured for the mapped
horizons and depth-converted using the polynomial relationship
determined from the check-shot data. Where appropriate, cutoffs
were extrapolated to compensate for the effects of local drag
folding or footwall crest erosion (Mansﬁeld and Cartwright, 1996;
McLeod et al., 2000). In addition to T-x plots, throw across multi-
ple faults is represented using a colour-coded map, which provides
efﬁcient and clear spatial data presentation, and allows variations
in throw to be visualised on an array scale (cf. Wormald et al., 2012).
To establish the timing of fault activity, we analysed thickness
variations across the studied faults by calculating expansion indices
(i.e. the ratio of footwall to hangingwall stratal thickness; see e.g.
Thorsen, 1963; Cartwright et al., 1998; Hongxing and Anderson,
2007; Jackson and Rotevatn, 2013). Borehole data also allow for
an independent assessment of stratigraphic thickness changes at a
ﬁner resolution than permitted by seismic data. As noted by
Mansﬁeld and Cartwright (1996), when calculating expansion
indices, the effects of differential compaction should be considered(see also Taylor et al., 2008). We therefore decompacted the studied
stratigraphic succession, which led to a <5% variation in expansion
index values relative to those derived from analysis of compacted
successions (Appendix 1). Throw-depth (T-z) plots are also con-
structed by calculating the throw across faulted horizons, and then
plotting this value against depths to the midpoints between the
respective hanging-wall and footwall cut-offs (e.g. Hongxing and
Anderson, 2007; Baudon and Cartwright, 2008; Pochat et al.,
2009; Jackson and Rotevatn, 2013).4. Structural framework of the Måløy Slope
TheMåløy Slope is bound on its easternmargin by the Øygarden
Fault Zone (Figs. 2a and 4), with the top basement horizon dipping
gently to the west, attaining a maximum depth of c. 6 km in the
north west of the study area. At top basement level, three pop-
ulations of basement-displacing normal faults are observed: (i)
large NeS- to NNE-SSW-striking normal faults with throws of up to
1.2 km (herein called the ‘large NeS fault population’), (ii) smaller
NeS to NNE-SSW-striking normal faults with throw of up to 250 m
(herein called the ‘small NeS fault population’), and (iii) small NNE-
SSW- to NE-SW-striking normal faults (herein called the ‘NEeSW
fault population’) with maximum throw across basement of 280 m
(Fig. 2b).
Here, we describe the following characteristics of these three
populations: (i) the timing of fault activity, (ii) patterns of throw
Fig. 4. Top basement depth structure map for the study area, illustrating faults as polygons at this structural level. The dashed white box indicates the location of Fig. 8. Numbered
white lines represent Bouguer gravity anomaly contours (values in mGal) (from Smethurst, 2000). The dashed red line represents the extent of the zone of intra-basement re-
ﬂections observed by Reeve et al. (2013). White crosses and circles indicate borehole locations and numbers. GFS ¼ Gjøa Fault System; MFS ¼ Måløy Fault System; OFS ¼ Øygarden
Fault System. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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(Figs. 5e8).
4.1. Large NeS fault population
The large NeS fault population comprises NeS to NNE-SSW-
striking normal faults, which have accumulated up to 1.2 km of
throw at basement level, are developed across the study area, and
form the western and eastern boundaries of a 9 km wide half-
graben that deﬁnes the deep structure of the Måløy Slope (Figs. 2
and 3). The faults dip predominantly eastward in the western
part of the study area, and dip westward in the eastern part of the
study area (Fig. 4). In map-view, some faults are slightly curvilinear
(e.g. location A in Fig. 4), whereas others display abrupt changes in
strike and bifurcate along strike (e.g. location B in Fig. 4).
An example of one such large NeS fault is the Gjøa Fault System
(Jackson et al., 2008) (Fig. 2). The Gjøa Fault System is essentially
planar, with an average dip of 40e50 E. In plan-view, it has a
complex geometry, being comprised of a number of intersecting
fault segments G1, G2 and G3 (Fig. 5b). Throw along G1 has a typical
bell-shaped proﬁle with maximum throw of 690 m occurring to-
ward the centre of this segment (Fig. 5b), decreasing to 65 m at its
intersection with G2. Throw along G2 is greatest near the inter-
section with G1, and this throw decreases sharply southward
(Fig. 5b). Throwon G2 also decreases sharply where it intersects the
southern tip of G3. G3 also intersects G2 further north and throwon
G3 decreases to zero toward this point. However, when throw on
these faults (G1-3) is summed, we see that the overall proﬁle isalmost bell-shaped, indicating that these faults represent part of a
kinematically linked system and, due to their close spacing and
large overlap, might be geometrically linked at depth (Fig. 5b)
(sensu Walsh and Watterson, 1991; Willemse et al., 1996).
A slight thickening of the Statfjord and Brent groups toward the
Gjøa Fault System provides the ﬁrst seismically resolvable evidence
of activity on this structure, suggesting it became active during the
Early-to-Middle Jurassic (c. 191 to 168 Myr) (Figs. 3 and 6a). Given
the limitations in seismic resolution, it is not possible to date the
onset of fault initiation to a ﬁner time scale than this 23 Myr time
window. However, well data from either side of the Gjøa Fault
(wells 35/9-1 and 35/9-2 on the footwall, and 36/7-1 on the
hangingwall) indicate that the Rannoch Formation, which is in the
lower Brent Group, is the ﬁrst unit to thicken across the fault, thus
suggesting the fault became active during the Middle Jurassic
(Bajocian; c.174e177Myr) (Fig. 6a) (Husmo et al., 2003). Expansion
indices calculated from footwall and hangingwall unit thicknesses
(Fig. 6b and c) demonstrate that the Gjøa Fault initiated during
deposition of the Rannoch Formation, and continued to be active
throughout deposition of the Ness, Etive, Heather and Krossfjord
Formations. Expansion indices, T-z proﬁles and seismic reﬂection
proﬁles clearly indicate that the Gjøa Fault System and other large
NeS faults also continued to be active throughout the Lower
Cretaceous (Fig. 7a). The T-z proﬁle for the Gjøa Fault System shown
in Fig. 7a indicates maximum throw at top basement level. Reeve
et al. (2013) argued that major NeS-striking faults on the Måløy
Slope likely nucleated within crystalline basement, which is
consistent with our T-z data (Fig. 7).
Fig. 5. (a) Map showing location of throw-distance (T-x) proﬁles b, c and d. (b) T-x proﬁle for segments G1, G2 and G3 of the Gjøa Fault System. (c) T-x proﬁle for a linked small NeS
and small NEeSW fault system comprising segments F1, F2 and F3. (d) T-x proﬁle for an isolated small NEeSW fault. Note that the maps presented in (b) and (c) are scaled to match
the corresponding throw-distance proﬁles.
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The faults in the small NeS population offset basement and tip
out within the Upper Jurassic succession (Fig. 3). These faults are
planar, dip c. 60 and are up to 5 km long. The majority of these
faults dip westward, with east-dipping structures only observed in
the hangingwall of the Gjøa Fault System.
T-x plots for NeS faults F1 and F3 are shown in Fig. 5c. The
maximum throw on F1 is 240 m, which occurs at the centre of F1.
Throw on F1 increases slightly where it is intersected by an NE-SW-
striking fault (F4), and throw drops signiﬁcantly to 80 m at the
branchline with F2. Maximum throw on F3 is some distance to the
south of its branchline with F1 (Fig. 5c). This style of throwaccumulation indicates that F3 is not the southern (palaeo) tip of F1,
which would be expected to show maximum throw at the
branchline with F1, but rather is instead a separate structure that
nucleated independently from and has since geometrically linked
with F1 and F2.
T-z proﬁles and expansion index values can be used to constrain
the temporal activity of this fault population (Fig. 7b). For the
Lower-to-lower Middle Jurassic succession (i.e. Statfjord and Brent
groups; approximately Pliensbachian e Late Bajocian), the calcu-
lated expansion indices range from 1.05 to 1.3, suggesting these
faults were active at this time (Fig. 7b). We do not have any wells on
the footwall and hangingwall of these small NeS faults, and thus
we cannot constrain the timing of initiation for these faults to a
Fig. 6. (a) Well correlation panel for the top Krossfjord formation e top basement interval of wells 35/9-1, 35/9-2 and 36/7-1, using top Krossfjord formation depth as a datum.
Formation tops taken from Norwegian Petroleum Directorate FactPages (http://factpages.npd.no). Expansion index plots comparing unit thicknesses of (b) wells 35/9-1 and 36/7-1,
and (c) wells 35/9-2 and 36/7-1.
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Expansion indices increase slightly in the late Bajocian- Callovian
interval (c. 168e164 Myr) (1.3e1.7), and progressively decrease in
the Oxfordian e Kimmeridgian interval (c. 164e152 Myr) (1.0e1.1),
suggesting that these faults became progressively less active in the
late syn-rift. T-z proﬁles for small NeS faults (e.g. Fig. 7b) show
maximum throw is consistently observed at top basement level and
progressively decreases toward the upper tip of the faults, sug-
gesting that these structures nucleated at the top of or within
crystalline basement. The upper tips of these faults are generallylocated within the uppermost part of the Jurassic just below the
BCU, suggesting they became inactive during the latest Jurassic,
prior to the large NeS faults, which continued to be active during
the Lower Cretaceous.
4.3. NEeSW fault population
Within our study area, the NEeSW fault population is restricted
to the area outlined by a white dotted line in Fig. 4, with the ma-
jority of these faults occurring within the hangingwall of the Gjøa
Fig. 7. Seismic sections, throw-depth (T-z) proﬁles and expansion index measurements for (a) the Gjoa Fault System, a large NeS-striking fault, (b) a small NeS-striking fault and (c)
a small NE-SW-striking fault. Faults have been colour-coded in the same scheme as used in Fig. 2b. Expansion indices for each interval are shown by the dashed black line.
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Fig. 8. Colour-coded map of throw across large NeS, small NeS and small NEeSW fault populations in the south of the study area. GFS ¼ Gjøa Fault System; MFS ¼ Måløy Fault
System.
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ducing a suite of relatively small (1e4 kmwide), westward-rotated
half-grabens (Fig. 4). Like the small NeS fault population, the faults
in the NEeSW population also offset basement and tip out within
the Upper Jurassic succession (Fig. 3). Throw on this fault popula-
tion at top basement level reaches a maximum of 280 m, where
individual fault segments are up to 5.5 km long.
The NE-SW-striking faults appear to have grown as isolated
structures based on the roughly symmetric distribution of throw
along-strike and lack of abrupt changes in strike (Figs. 4d and 8).
Many NE-SW-striking fault segments form part of linked fault
systems, and they intersect faults that form part of the NeS fault
population (e.g. location A in Fig. 8). For example, the T-x plot
constructed along F3 shows a displacement maximum of 150 m,
located 1.1 km from its branchline with F1 (Fig. 5c). The T-x plot for
F3 has a typical bell-shaped proﬁle, with a decrease in throw to zero
northeastward. At the point of intersectionwith F1, 75m of throw is
recorded on F3. These observations suggest that this NEeSW fault
nucleated independently of F1, some distance (c. 1 km) into its
hangingwall, and then propagated toward and linked with it. Most
linked NEeSW faults show a single displacement maximum, no
signiﬁcant superimposed displacement minima, and a decrease in
throw to zero at their tips, suggesting a relatively simple growth
history (e.g. location B in Fig. 7).
Activity on this population of faults began in the earliest part of
the Jurassic rift phase (approximately Aalenian to late Bajocian), as
evidenced by minor synsedimentary thickening (expansion index
value of 1.1) in the Pliensbachian - Bajocian interval (c. 191e168
Myr) (Fig. 7c). Larger expansion indices of 1.15e1.3 in the Viking
Group show that these faults were also active throughout much of
the Middle-Late Jurassic rift phase, with activity on the NEeSWfaults ceasing during the latest Jurassic, at approximately the same
time as the small NeS fault population became dormant. Again, the
absence of well data on either side of these small structures pre-
vents us from constraining the timing of fault initiation beyond the
23 Myr interval deﬁned by thickness changes in the Pliensbachian-
Bajocian. T-z proﬁles for these faults show throw maxima at top
basement that decrease upward (Fig. 7c), suggesting that these
faults also nucleated at the top of or within crystalline basement.
4.4. Summary
The absence of Permian-Triassic sediments adjacent to all three
fault populations, in addition to across-fault thickness changes in
earliest Aalenian to Bajocian strata, indicate that all three pop-
ulations were active contemporaneously in Rift Phase Two. We
infer that neither fault set pre-dates the other, due to the lack of
clear cross-cutting relationships between them (Bailey et al., 2005).
Furthermore, we infer that the NE-SW-striking faults grew in
isolation from the NeS systems, suggesting that these two sets of
fault populations nucleated separately. This interpretation is also
consistent with the observation that maximum throw on the NE-
SW-striking faults is located up to 1 km away from their in-
tersections with the NeS-striking structures (Fig. 5c and locations B
and C in Fig. 8). Due to the limitation in the quality and resolution of
the seismic data, however, we cannot assess if there were differ-
ences in the timing of the initiation of the faults at a ﬁner resolution
than the 23 Myr interval deﬁned by thickness changes in the
Pliensbachian-Bajocian. Although well data indicate that the NeS-
striking faults became active within the deposition of the Rannoch
Formation during the Bajocian (177-174 Ma), comparable well data
however are not available to allow us to better constrain the timing
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faults.
The relative contribution of the two fault systems to accom-
modating extension can also be considered. During the Middle-to-
Late Jurassic, both small and large NeS fault populations and the
NEeSW fault population were active. The small NeS and NEeSW
faults became abandoned relatively early in the latest Jurassic (145
Ma), while activity continued on the large NeS faults until the Early
Cretaceous. The much greater length and larger magnitude of
throw (up to 1.2 km) on these large, NeS-striking faults suggests
they accommodated the majority of extensional strain during the
Rift Phase in the Middle-Jurassic to Early Cretaceous, which is
consistent with observations made by Bell et al. (2014).5. Discussion
Here, we present a framework fromwhich observations from 3D
seismic data can be used to discriminate between mechanisms of
non-colinear fault development. We then investigate the mecha-
nism that could be responsible for the formation of non-colinear
faults in the Måløy Slope. We also discuss the implications that
our interpretations have for understanding the large-scale kine-
matics of rifting in the northern North Sea.5.1. Discriminating between mechanisms of non-colinear fault
development
A number of mechanisms, summarised in Fig. 1, are proposed to
explain the development of non-colinear fault systems in rifts.
These mechanisms differ in their predictions for fault timing, ge-
ometry and distribution.
For non-colinear faults developing within a 3D strain ﬁeld
(Mechanism 1, Fig. 1a), fault sets must form at the same time, and
mutual cross-cutting relationships occur between faults (Krantz,
1988). Mechanism 1 also predicts that fault sets are orthorhombic
(Krantz, 1988), pervasive throughout a given area, and that fairly
equal numbers of faults dipping in opposite directions with limited
strike variation exist (Krantz, 1988) (Fig. 1a). In contrast, if non-
colinear faults are the product of multiphase extension involving
highly oblique extension directions (Mechanism 2, Fig. 1b),
different fault sets form during different extensional events. The
geometry of each fault set is controlled by the extension directions
of each rift phase. We may expect faults of each orientation to be
pervasive throughout the area, rather than concentrated in
particular intra-rift structural settings, such as relay zones (Henza
et al., 2010). Evidence of reactivation of ﬁrst phase faults during
later extension phases can occur, except when sequential extension
directions were too oblique to one another.
Physical models show that the presence of pre-existing intra-
basement heterogeneities can also inﬂuence younger fault orien-
tations during subsequent rifting (e.g. Paton, 2006; Corti et al.,
2007) (Mechanisms 3a and b, Figs. 1c and d). Discrete basement
structures, such as ancient shear zones, may be directly reactivated
during later extension (Mechanism 3a) (e.g. Paton, 2006). In addi-
tion, deep-seated pervasive intrabasement heterogeneities, such as
gneissic foliation, may locally re-orient the regional stress ﬁeld,
inﬂuencing overlying younger fault orientations (Mechanism 3b)
(Morley, 2010; Corti et al., 2013). Mechanisms 3a and b involve
coeval non-colinear fault generation, and mutually cross-cutting
relationships should occur between faults (Figs. 1c and d).
Furthermore, the distribution of fault sets is controlled by the un-
derlying distribution of the discrete or pervasive pre-existing
crustal weaknesses or fabrics, and therefore faults of a particular
strike could be very localised in a rift basin.If non-colinear faults form due to local perturbations in the
stress ﬁeld caused by pre-existing faults within the suprabasement
sedimentary section (Mechanism 4, Fig. 1d), a difference in the
timing of fault initiation is required, as the larger fault structures
must ﬁrst reach sufﬁcient size to inﬂuence the local stress ﬁeld
where smaller secondary faults will form (Maerten et al., 2002)
(Fig. 1d). The orientations of the second faults varies as a function of
stress ﬁeld perturbations due to the older faults (Maerten et al.,
2002) (Fig. 1d). Consequently, non-colinear faults will be prefer-
entially located in regions where changes in stress geometry are
favoured, such as where major faults are closely spaced and kine-
matically interact.
The development of ‘release faults’ is another mechanism by
which non-colinear fault arrays develop (Mechanism 5, Fig. 1e).
Release faults typically strike perpendicular to large normal faults,
and form as the hanging-wall and footwall of the larger fault stretch
to accommodate along-strike variations in throw (Destro, 1995;
Stewart, 2001). In terms of size, release faults are typically
smaller than the host faults, and only form after the larger faults
initiate and accrue sufﬁcient along-strike variations in throw.
Release faults should: (i) preferentially occur in the immediate
hanging-wall and footwall of large segmented fault systems as well
as in fault overlap zones; (ii) nucleate at the older larger faults and
propagate away into the hanging-wall or footwall; and (iii) not
cross-cut these larger faults (sensu Destro, 1995; Stewart, 2001).
Finally, gravity sliding and ﬂexure of the cover units above
mobile substrates (i.e. salt or shale) in extensional basins may also
form non-colinear fault arrays (Mechanism 6, Fig. 1f). In this case,
faults may have a wide range of orientations where radial and/or
concentric fault arrays develop due to overburden tilting above
salt- or shale-cored diapirs and pillows (e.g. Stewart, 2007).
Furthermore, faults associated with salt- or shale-detached gravity-
driven systems can also have awide range of orientations due to the
amount and orientation of tectonic dip (e.g. Penge et al., 1993;
Clausen and Korstgård, 1996; Stewart and Clark, 1999; Jackson
and Larsen, 2009; Jackson and Lewis, in press).
5.2. Mechanisms of non-colinear fault development on the Måløy
Slope
Our studied faults share these characteristics: (i) all three fault
populations are basement-rooted; (ii) the three fault populations
formed ‘synchronously’ within a 23 Myr time window; (iii) NeS
fault orientations dominate in terms of size and duration of activity;
(iv) NEeSW faults are only locally developed between two large
NeS faults, and (v) small NeS and NEeSW faults nucleated away
from, propagated toward, and eventually linked with the large NeS
faults.
The fact that the non-colinear faults in the Måløy Slope are
basement-rooted, developed in salt-free stratigraphy (see well 36/
7-1 and stratigraphic column in Fig. 3) and are not associated with
or detach downward onto or within thick shale successions, sug-
gests that Mechanism 6 (i.e. non-colinear fault development due to
gravity-gliding above a mobile detachment; Fig. 1) can be ruled out
as their cause. The notable discrepancy between both the size and
duration of activity of NeS and NEeSW faults also leads us to dis-
countMechanism 1 (development of faults within a 3D strain ﬁeld),
because this study area lacks fault populations of approximately
equal size forming at broadly the same time. If the NEeSW faults
were simply ‘release faults’ (Mechanism 5) we would expect them
to abut against, and have their greatest throw immediately adjacent
to the large NeS faults (Fig. 1e). However, the NEeSW faults do not
strike perpendicular to the large NeS faults, and a number of
NEeSW striking faults appear to have nucleated and grown in
isolation from the larger faults (e.g. locations B and C in Fig. 8).
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are not simply release faults developed adjacent to the NeS-strik-
ing population.
Alternately, the development of non-colinear faults relates to
local stress ﬁeld perturbations in proximity to large-through going
faults (Mechanism 4, Fig. 1) (Maerten et al., 2002). On the Måløy
Slope, the distribution of NEeSW faults is largely restricted to the
hanging-wall of the major NeS-striking Gjøa Fault System and the
Måløy Fault System in the east (Fig. 2), and in particular, mostly
restricted to latitudes between the southern tip of G1 and where
fault segments G1 and G2 intersect (Figs. 4 and 8). If major NeS
faults such as the Gjøa Fault System and Måløy Fault System pre-
date the NEeSW faults, the NeS faults could potentially have
locally modiﬁed the local stress ﬁeld to produce NE-SW-striking
faults, despite a regional EeW extension direction (e.g. Maerten
et al., 2002) (Fig. 1d). However, previous studies indicate that
faults that evolved due to local stress perturbations often show an
array of orientations and secondary faults commonly curve into
parallelismwith the large faults (Maerten et al., 2002; Whipp et al.,
2014). In the Måløy Slope, we have documented two distinct fault
populations, a dominant NeS population and minor NEeSW pop-
ulation. Therefore due to this limited variation in fault orientations,
we do not favour local stress perturbations as the primary mech-
anism responsible for creating the non-colinear faults. This leaves
Mechanisms 2 (i.e. non-colinear faulting driven by multiphase
extension) and 3 (i.e. non-colinear faulting driven by stretching of
crust containing underlying pre-existing weaknesses) as potential
mechanisms for the growth of the Måloy Slope fault population
(Fig. 1); we will now assess each of these models in turn.
5.2.1. The role of multiphase extension and implications for North
Sea kinematics
The timing of activity for fault sets with different orientations is
crucial in determining the role of multiphase extension. Well data
from the footwall and hangingwall of the Gjøa fault demonstrate
that the large NeS faults nucleated during deposition of the Ran-
noch Formation in the Bajocian (Fig. 6). The lack of comparable well
data for the small NeS and NEeSW fault populations means that
fault nucleation cannot be resolved to less resolution than the 23
Myr interval deﬁned by seismically resolvable thickness changes in
the Pliensbachian-Bajocian succession. We therefore cannot
immediately discount a multiphase origin that would require
rotation of the causal extension direction from EeW to NWeSE
(Fig. 1b). However, if the non-colinear faults are the product of
multiphase extension, the two extensional events would have
occurred within 23 Myr of each other. We have shown that NEeSW
faults are restricted to the region deﬁned by the dashed white line
in Fig. 4. If multiple regional extensional episodes were responsible
for the formation of the NEeSW faults, we believe that the change
in fault strike from predominantly NeS to NEeSW would be ex-
pected to be more pervasively observed throughout the study area.
In other studies of non-colinear normal fault populations, such
as that presented by Bailey et al. (2005), the majority of strain has
been shown to be accommodated by only the largest faults in the
array. Morley et al. (2004) also presented models involving strain
localisationwhere faults have different strikes, whichmay be either
optimally aligned or non-optimally aligned with respect to regional
extension direction. As the rift evolves, the non-optimally orien-
tated faults will tend to be less active, and strain is preferentially
accommodated by faults with strikes that are approximately
orthogonal to the regional extension direction. Applying this model
to the Måløy Slope, we observe that the NeS faults are longer and
have larger throws than the NEeSW faults, suggesting they were
optimally aligned with respect to the regional stress ﬁeld (i.e.
orthogonal to dominantly EeW extension during Rift Phase Two).The dominance of the NeS fault trend in areas such as the Måløy
Slope and Horda Platform therefore suggests that the principal
extension direction in this area of the northern North Sea during
the Middle-to-Late Jurassic was EeW orientated.
Multiphase or pulsed extension during the Middle-to-Late
Jurassic rift phase in the North Sea has been suggested previ-
ously. Dore and Gage (1987) and Dore et al. (1997) suggested pro-
gressive rotation of the extension direction from EeW to NWeSE
during the Jurassic rift event, whereas Davies et al. (2001) argued
that the extension direction changed from EeW in the Bathonian-
Callovian to NWeSE in the Oxfordian, and to NEeSW in the
Kimmeridgian-Early Berriasian. If the Måløy Slope faults are the
product of a sequence of different extension directions, we would
expect a change from EeW orientated extension responsible for
generating the NeS fault populations, to approximately NW-SE-
oriented extension favourable for the generation of NEeSW fault
populations (or vice-versa if the NEeSW faults are oldest). How-
ever, a change of extension direction between the Pliensbachian
and Bajocian is not compatible with existing kinematic models
(Dore and Gage, 1987; Dore et al., 1997; Cowie et al., 2005), which
suggest that both the NeS- and NE-SW-striking fault population
developed under a uniform extension direction during Rift Phase
Two. Furthermore, signiﬁcant local variations in secondary fault
strike are observed in the northern North Sea. For example, on the
Horda Platform, only 50 km to the south of our study area, the
dominant fault strike is NeS with predominantly NW-SE-striking
secondary faults developing during Rift Phase Two (see Fig. 13 in
Whipp et al., 2014). These observations are incompatible with a
kinematic model involving regional changes in the extension di-
rection from EeW to NWeSE between the Aalenian and Bajocian,
which would be anticipated to generate a more pervasive distri-
bution of NEeSW striking faults in this part of the North Sea. We
therefore reject multiphase extension as the key mechanism
responsible for the generation of non-colinear fault populations on
the Måløy Slope and instead prefer a more local origin.
5.2.2. Importance of pre-existing crustal weaknesses
The inﬂuence of underlying basement weaknesses in the tem-
poral and spatial development of the Jurassic rift in the northern
North Sea has been widely discussed (Bartholomew et al., 1993;
Faerseth et al., 1995; Platt, 1995; Dore et al., 1997). An N-trending,
PermianeTriassic extensional fabric is suggested to have inﬂuenced
Jurassic rift architecture (Færseth, 1996). However, due to the lack
of evidence for Rift Phase One extension on the Måløy Slope, these
structures in the sedimentary sequence have limited signiﬁcance
(Bell et al., 2014).
A much older, NE-SW-striking basement fabric formed during
the Caledonian collision of Baltica and Laurentia (Gee et al., 2008).
This collisional (D1) fabric is widely-observed onshore in the rocks
of the Scandinavian Caledonides (Gee, 1978; Fossen, 1992; Fossen
and Rykkelid, 1992), and offshore from basement lineaments and
deep seismic proﬁles (Bartholomew et al., 1993; Dore et al., 1997;
Smethurst, 2000). This NEeSW fabric likely exerted a funda-
mental control on the localisation of fault growth during extension
and therefore the overall geometry of elements of the North Sea rift
(see Bartholomew et al., 1993). Similar pre-existing structural fabric
reactivation has been observed in a range of extensional settings
worldwide, and may arise from inheritance of underlying exten-
sional (Bailey et al., 2005; Frankowicz and McClay, 2010), contrac-
tional (Paton, 2006) or strike-slip faults (Theunissen et al., 1996),
lithological interfaces (Færseth et al., 1995), precursory shear zones
(Crider and Peacock, 2004) or metamorphic foliations (McConnell,
1972; Patton et al., 1994; Butler et al., 2008).
The fact the NEeSW faults are quite localised spatially (Fig. 4),
but formed at broadly the same time (at least within the same 23
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that NEeSW basement discontinuities are being exploited. We
observe that the locations of NEeSW faults on the Måløy Slope
occur immediately beyond the northern limit of a zone of deep
intra-basement reﬂectivity (Reeve et al., 2013) (Fig. 4). Reeve et al.
(2013) interpreted coherent seismic reﬂections within the base-
ment as being the manifestation of mylonite shear zones. Gravity
and magnetic anomaly data from this area (Smethurst, 2000) show
high-amplitude positive anomalies in this zone, which Reeve et al.
(2013) suggested could be related to a denser and more magnetic
Western Gneiss-cored anticline, the axis of which plunges toward
the WSW. Our NEeSW faults correlate well with the locations of
these anomalies (Smethurst, 2000), with the majority of NEeSW
faults located in a zone of positive gravity and magnetic anomaly
(anomaly 6 in Fig. 2 and anomaly A in Fig. 4 of Smethurst, 2000)
(Fig. 4). Variations in basement depth across theMåløy Slope do not
mirror the geometry of these potential ﬁeld anomalies (Fig. 4), and
Smethurst (2000) suggested that these anomalies may be related to
real variations in basement density and magnetic susceptibility.
Still further intra-basement reﬂection mapping and potential ﬁeld
modelling is required to support the proposed offshore extension of
a Western Gneiss-cored anticline in this area.
We therefore suggest that Jurassic-to-Cretaceous (Rift Phase 2)
faults on the Måløy Slope locally exploited a NE-trending fabric
developed in underlying crystalline basement. Reeve et al. (2013)
noted that the proposed mylonite zones are obliquely cross-cut
by large NeS basement-rooted faults, which suggests that
discrete basement structures associated with this fabric were not
directly reactivated during later extension. Rather, the NE-trending
fabric may have led to a local deﬂection of the otherwise EeW
orientated regional extensional stress ﬁeld, leading to the forma-
tion of a relatively local set of NE-SW-striking faults. In the early
stages of EeWextension during Rift Phase 2, both optimally aligned
NeS faults and non-optimally aligned NEeSW faults, the latter
following a NE-trending intrabasement fabric, could have nucle-
ated contemporaneously, with extensional strain progressively
localising onto the NeS striking faults as the rift evolved.
5.3. The advantages of an integrated geological and geophysical
approach
As we have demonstrated here, non-colinear faulting may
represent the product of one or more causal mechanisms (Fig. 1),
which may be inﬂuenced by a range of factors. This complexity
must be considered when assessing the evolution of fault pop-
ulations with different orientations and relationships to the broad
tectonic history of the basin where they occur. Using fault orien-
tation alone as a proxy for extension direction may potentially be
very misleading, given this broad range of possible causative
mechanisms which may reﬂect a regional tectonic signal (e.g.
Mechanism 2; multiphase extension, Fig. 1b) or more localised
features such as variations in basement properties or thin-skinned
deformation above mobile substrates (Fig. 1). A 3D seismic-based
approach potentially allows for recognition of subtle along-strike
variations in throw across an entire non-colinear fault array,
which may be used to discriminate between different causes.
However, to reliably constrain the timing of fault activity, key
seismic horizons of interest must be tied to wells, and ideally
biostratigraphic information is required in both the footwalls and
hangingwalls of fault structures, which constrains the timing of
fault nucleation at a higher resolution than allowed by seismic data
alone. Integration of observations from 3D seismic data with
regional potential ﬁeld data can also reveal important differences in
basement properties, which may have been inﬂuential in devel-
opment of later fault populations.6. Conclusions
This study favours the contemporaneous growth of non-
colinear fault systems under an interpreted regional stress ﬁeld of
consistent orientation. Our results indicate that in the Måløy Slope
area, minimal extension occured during Rift Phase One (Per-
mianeTriassic) and the majority of basement-rooted faults nucle-
ated during the Middle Jurassic. The majority of extensional strain
was accommodated by the largest faults, which are NeS trending
and were active from the Jurassic until the Early Cretaceous. The
Jurassic extension direction in this area is inferred to be largely
EeW, supporting the models of Roberts et al. (1995) and Maerten
et al. (2002). The smaller faults in the area are interpreted to
have become less active during the Jurassic rift interval, and inac-
tive by the start of the Cretaceous.
The interpreted contemporaneous nucleation of NeS and
NEeSW trending faults under EeW extension is suggested to be
related to the inﬂuence of a NEeSW oriented basement fabric of
Caledonian age, which locally modiﬁed the stress ﬁeld during
extension. This study highlights the importance of interpreting
non-colinear fault networks using borehole-constrained 3D seismic
data and stratal thickness relationships to constrain temporal ac-
tivity, rather than relying exclusively on planform geometries to
interpret extension history. Furthermore, caution must be applied
when assessing the evolution of fault populations containing
structures with different strikes. Using fault orientations alone as a
proxy for extension directions may be highly misleading, due to the
wide range of potential causes for non-colinear faults, and there-
fore an integrated geological and geophysical approach is required
to constrain the evolution of non-colinear fault populations.Acknowledgements
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